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Abstract-The aim of this work is to propose a simple 
methodology that facilitates characterization of the power system 
load, particularly induction motors, taking into account the 
different possible responses of induction motors to large 
disturbance. Since the nonlinearities associated with induction 
motors imply different responses if an induction motor 
reaccelerates, trips or stalls in the post-disturbance period, the 
induction motor load model can be improved identifying the 
percentages of reaccelerated, stalled and tripped induction motors. 
The aim is to build these models from system measurements   
I. INTRODUCTION 
Power system dynamics are generally well modeled at 
present apart from the response of loads [1]. The model used to 
characterize the load has an important role in the determination 
of the response of the Power System to large disturbances.  
There is a long history of research in load modelling. One 
direction is the survey of equipment owned by consumers and 
a subsequent prediction of how much is connected at any one 
time [2] [3]. Another path is to produce simplified aggregate 
models of a group of loads for off line studies [4][5]. The 
approach which probably comes closest to reflecting reality is 
where measurements are made of the actual load change that 
occurs when test disturbances are applied [6], [7]. In [6] a 
nonlinear model is developed for loads, and genetic algorithms 
are used to refine the fit of the response to specific large signal 
disturbances. A useful feature of the work is that it notes the 
sensitivity of loads to the local phase angle. In [7] a novel 
method is used to match load responses with symbolic 
templates but this approach is complicated by problems with 
scaling and overlapping signals. A composite model of loads 
for off line studies is developed in [7] with a special focus 
being the inclusion of the effect of tap changers. This is one 
aspect of long term importance that is also treated in [8]. 
Induction motors are one of the most important components 
of the load, with a highly nonlinear comportment [9]. Induction 
motor loads present very different response if the motor is in 
normal operation, tripping or stalling. 
Motors used in small residential air conditioners (central and 
window types) and refrigerators tend to stall when the voltage 
is reduced below 60% for 5 cycles or longer [11]. Stalling 
occurs because the torque produced by the motor under 
reduced-voltage conditions cannot overcome the back pressure 
of the compressor. Under these conditions, the motor will 
continue to draw very high current, depending on the voltage 
level, approaching the locked-rotor current at rated voltage. 
The motor will normally trip on thermal overload after 3 to 30 
seconds. But until it trips, it will draw a considerable amount 
of active power and an even-higher amount of reactive power 
from the system since the power factor of the motor is also 
significantly reduced under these conditions. This “sustained” 
increase in active and reactive power demand tends to slow 
voltage recovery and can even cause voltage collapse in certain 
situations. Larger commercial and industrial air conditioners 
are typically equipped with an undervoltage protection relay 
that trips-off the unit for voltages less than 70% in 0.1 seconds 
[12]. Thus, commercial and industrial air conditioners do not 
affect the voltage recovery as adversely as residential air 
conditioners under the same conditions [13].  
The characterization of the amount of load associate with 
induction motors needs to take into account the fractions of the 
load associated with motors stalled, the tripped and the motors 
that reaccelerate after the large disturbance. Identify the 
fraction associated to stalled, tripped and reaccelerating 
component of the motor loads is necessary to predict the 
voltage recovery.  
“Prone-to-stall” motor loads, particularly residential 
airconditioner and refrigeration motor loads, can significantly 
impact system stability following a major disturbance. 
Dynamic motor models, do not represent the sustained high 
active and reactive power demands of stalled motor loads 
before these loads trip on thermal overload. Consequently, 
simulation models utilizing dynamic motor models that do not 
represent stalled motor conditions, will yield voltage recovery 
times that may be faster than actual [10]. 
Measurements based load model identification is presented 
in [14], where measurements of composite load responding to 
normal power system variations can be used to continuously 
decompose the load and to extract information regarding the 
motor loads. Measurements from the continuous variations in 
frequency and its effect on load power allow to identify the 
motor component. 
The aim of this work is to propose a simple methodology 
that facilitates characterization of the power system load, 
particularly induction motors, taking into account their 
different responses to a large disturbance. Since the 
nonlinearities associated with induction motors imply different 
responses, the induction motor load model needs to be 
improved identifying the percentages of reaccelerated, stalled 
and tripped induction motors. The concept of a severity index 
is also presented and is discussed how measurements can be 
used.  
II. INDUCTION MOTORS CHARACTERISTICS  
The voltage equations representing the fifth order induction 
motor are written as follows [15]: 
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where ψ  represents the flux linkage, i  represents current, q 
and d represent the direct and quadrature axis and the 
subscripts s and r refer to the stator and rotor axes, respectively. 
sR and rR are the equivalent rotor and stator resistances and 
V is the voltage. ω  is the frequency referred to the 
synchronously rotating reference frame and bω , is the base or 
rated frequency, 50 Hz, of the machine. 
The relationship between the flux linkages and the currents are: 
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where  lsX , lrX and mX are the inductances of the stator, 
rotor and mutual respectively.  
The flux linkages are treated as the independent variables. The 
differential equations describing the induction motor model are: 
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The currents expressed in terms of flux linkages are:  
[ ]qrmqsrqs XXKi ψψ −= 1    (13) 
[ ]drmdsrds XXKi ψψ −=
1
   (14) 
[ ]qrsqsmqr XXKi ψψ +−= 1    (15) 
[ ]drsdsmdr XXKi ψψ +−=
1
   (16) 
The shaft dynamics are described by the change in the slip (S) 
with respect to time: 
[ ]sL PPHdt
dS −=
2
1        (17) 
where LP , sP , and H , refer to the mechanical (or load) and 
electrical powers and the motor inertia, respectively.  
The electromagnetic torque is expressed as: 
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where Poles indicate the number of poles. 
The electrical power ( eP ) is: 
[ ]dsqrdrqsme KXP ψψψψ −= 3      (19) 
The above equations describe the fifth order induction motor 
model. For the third order induction motor model the stator 
transients are neglected. Thus: 
0=
dt
d qsψ  and 0=
dt
d dsψ      (20) 
The induction motor simulation requires the determination 
of the steady state or initial values of the voltages (1-4), flux 
linkages (5-8), currents (13-16), and slip. Once the initial 
values are known, the differential equations describing the 
change in flux linkages (9-12) and the change in slip (17) with 
respect to time, are solved using the modified Euler method. 
The new values for the flux linkages are used to recompute the 
values of the rotor voltages, currents, and powers. For each 
time iteration, the differential equations are solved and the 
rotor voltages, currents, and powers are recomputed. 
III. TRIPPED, STALLED AND REACCELERATED INDUCTION 
MOTORS CHARACTERISTICS  
Figures 1-3 show a simulation of active and reactive power 
for 3 different motors. Motor 1 (Fig. 1) reaccelerates after the 
disturbance, motor 2 (Fig.2) stalls after the disturbance and 
motor 3 (Fig.3) is tripped. The simulated disturbance is a fault 
causing a voltage dip to 0.1 pu, starting at t=1 sec. and the 
voltage is restored to 1 pu after 0.2 sec. Note the reacceleration 
of motor 1 is achieved after t=1.50 sec. Motor 3 is tripped at 
1.1 sec. In those figures it is clear that P and Q demanded by 
motor 1 will return to the nominal values after 1.5 sec., motor 3 
will have P and Q equal zero, and motor 2 will demand a great 
component of Q and a very low component of P.  
 
 
Figure 1:  P & Q of the reaccelerated motor 
 Figure 2:  P & Q of the stalled motor 
 
Figure 3:  P & Q of the tripped motor 
 
 
IV. PROPOSED METHODOLOGY 
The active and reactive power associated with induction 
motors ( totalBP  and 
total
BQ ) in the pre-disturbance state can be 
defined as 
 
total
BtBsBlB PPPP =++    (21) 
total
BtBsBlB QQQQ =++    (22) 
where lBP , sBP , tBP  and lBQ , sBQ , tBQ  are the 
components of active and reactive power related to 
reaccelerated, stalled and tripped motors. After the disturbance 
the component corresponding to the tripped motor is not 
present.   
total
AsAlA PPP =+      (23) 
total
AsAlA QQQ =+    (24) 
where lAP , sAP  and lAQ , sAQ  are the components associated 
with active and reactive power for reaccelerated and stalled 
motors after the disturbance, and 
total
AP  and 
total
AQ  are the total 
measured active and reactive powers after the disturbance. 
Since the number of equations is greater than the number of 
variables, the following considerations need to be addressed: 
a) In a stalled motor the amount of reactive power will be 
higher than the active power component making it a reasonable 
assumption that the active power component is zero. The 
reactive power demanded by the stalled motors can be 
considered greater than the reaccelerated motors. 
b) Active and reactive power of reaccelerated motors are the 
same as before the disturbance, and reactive power of 
reaccelerated motors can be approximate to zero if compared 
with stalled motors.  
Taken into account the assumptions a) and b), the system of 
equations (21)-(24) can be rewritten as 
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BtBsBlB PPPP =++    (25) 
total
BtBsBlB QQQQ =++   (26) 
total
AlB PP =       (27) 
total
AsB QQ =β     (28) 
Fixing a value for β, the reactive power associated with 
stalled motors, can be calculated as β/totalAsB QQ = , and 
active power for reaccelerated motors is 
total
AlB PP = . Since 
)cos(ϕ of the whole load is known before the disturbance, the 
active power demanded by stalled motors and the reactive 
power of reaccelerated motors can be calculated for the pre- 
disturbance period. Finally, the active and reactive power 
component associated with the tripped motors can be 
calculated as  sBlB
total
BtB PPPP −−=  and 
sBlB
total
BtB QQQQ −−= .  
The calculated values with this approach presented an 
average error greater than 15%, associated with the 
considerations.  
The components associated to the post-disturbance state are 
recalculated using an optimization scheme, which can be 
described as.  
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This unconstrained optimization problem has as variables  
lAP  and sAQ , and stall)tan(ϕ and bef)tan(ϕ are the typical 
tangent of a stalled motor and the tangent of the load before the 
disturbance.   
The solution for this unconstrained problem is considering 
the gradient of ( )AAT  equal zero, that is, 
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Equation (30) is solved via Newton Method. At each 
iteration the following linear system needs to be solved:  
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And the matrix can be written as  
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Determinant for the matrix W is  
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Since the determinant is always positive, the matrix is 
positive definite for all values of stall)tan(ϕ and bef)tan(ϕ , 
except when they have the same value which is not a real case,   
the critical point is one minima and it is the global optimum.  
The values for lAP and sAQ  are updated as 
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The initial point used to solve this problem is the values of 
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Fixing a value for β, the remaining values are calculated as 
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V. NUMERICAL EXAMPLE:  
Figures 4 and 5 shown he sum of the active and reactive 
power of three motors previously presented, stalled, tripped 
and reaccelerated. The fraction of motors considered is that 
50% of the motors reaccelerate, 25% of the motors stall and 
25% of the motors trip. The values calculated with the 
proposed methodology are 50.66%, 24.81% and 24.59% 
respectively using a value of 7 for β.  
 
 
 
Figure 4: Sum of the active power 
 
Figure 5: Sum of reactive power 
 
 
Tables I and II shown the values calculated with different 
percentages of reaccelerated, tripped and stalled motors. 
Values shown that exist an error related to the assumptions. 
Table I shows the values related to active power of motors, 
where the first column is the calculated value using the 
proposed methodology, the second is the real fraction of 
reaccelerated motors. Columns 3 and 4, and 5 and 6 have the 
same meaning for stalled and tripped motors. The biggest error 
is around 1% of the real value.  
 
 
TABLE I 
CALCULATED VS REAL VALUES ACTIVE POWER  
Reaccelerated 
Motor 
Stalled 
Motor 
Tripped 
Motor 
P1  
Calc 
 
P1  P2 Calc   P2  
P3 
Calc   P3  
100.00% 100.00% 0.00% 0.00% 0.00% 0.00% 
90.13% 90.00% 4.96% 5.00% 4.91% 5.00% 
80.25% 80.00% 9.92% 10.00% 9.83% 10.00% 
70.38% 70.00% 14.88% 15.00% 14.74% 15.00% 
60.50% 60.00% 19.84% 20.00% 19.66% 20.00% 
50.63% 50.00% 24.80% 25.00% 24.58% 25.00% 
40.76% 40.00% 29.76% 30.00% 29.50% 30.00% 
30.88% 30.00% 34.71% 35.00% 34.42% 35.00% 
21.01% 20.00% 39.67% 40.01% 39.34% 40.01% 
11.13% 10.00% 44.63% 45.01% 44.26% 45.01% 
1.26% 0.00% 49.58% 50.01% 49.18% 50.01% 
 
 
TABLE II  
CALCULATED VS REAL VALUES REACTIVE POWER  
Reaccelerated  
Motor 
Stalled  
Motor 
Tripped  
Motor 
Q1      
Calc. Q1 
Q2 
Calc.  Q2   
Q3  
Calc   Q3   
100.00% 100.00% 0.00% 0.00% 0.00% 0.00% 
90.14% 90.01% 4.96% 5.00% 4.91% 5.00% 
80.27% 80.02% 9.92% 10.00% 9.83% 10.00% 
70.40% 70.03% 14.89% 15.01% 14.75% 15.01% 
60.53% 60.03% 19.85% 20.01% 19.67% 20.01% 
50.66% 50.03% 24.81% 25.02% 24.59% 25.02% 
40.78% 40.03% 29.78% 30.02% 29.52% 30.02% 
30.91% 30.03% 34.74% 35.03% 34.44% 35.03% 
21.03% 20.02% 39.71% 40.04% 39.37% 40.04% 
11.14% 10.01% 44.67% 45.05% 44.30% 45.05% 
1.26% 0.00% 49.64% 50.07% 49.24% 50.07% 
 
 
 
VI. DISCUSSION 
The characterization of motor load model by the percentages 
of identification from normal system variations offers promise 
of separation of motor load components from total load and the 
identification of the overall motor parameters, which allow 
knowing the amount of load related to induction motors. Once 
the f-P relation is used to find the motor component, the 
peeling method in [8] uses the voltage-P relation to extract the 
impedance load and the constant P load remains.  
Following these premises, the load can be characterized and 
the amount of induction motors can be obtained before the 
large disturbance, but it can not be applied in the post-fault 
identification, because the quantity of measurements is not 
enough in 5-30sec to identify the amount of stalled induction 
motors. In this case, the supposition of the amount of load that 
is not related to induction motors can be considered as a 
constant in presence of a voltage dip.  
One key objective of our research is the development of a 
Severity Index, which allow to predict the fractions of the 
motors that will trip, stall or reaccelerate after a large 
disturbance as a function of the severity of a voltage dip. Since 
the induction motor torque is dependent of the square of the 
voltage, a relation between the non-delivered energy in the 
voltage dip and the loss of speed of induction motors can be 
expressed as a function of the voltage dip characteristics, such 
as voltage dip and duration. The possibility of characterization 
of the fraction of motors as a function of their nominal power 
allow the establishment of the severity index, taken into 
account that the “prone to stall” motors are commonly the 
lowest inertia motors. Further research is necessary to establish 
the differences between stiff bus model and motors distributed 
along feeders, and the level of error of each model. 
 
VII. CONCLUSIONS 
The simple methodology presented allows the  
characterization of the active and reactive power associated 
with each type of induction motor response.  This will provide 
a more faithful representation of the load response to large 
disturbances. The concept of a severity index, based in the 
relation between voltage dip characteristics and deceleration 
for induction motors is formulated.   
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